Abstract -Tide gauge (TG) data along the northern Mediterranean and Black Sea coast are compared to the sea surface height (SSH) anomaly obtained from ocean altimetry (TOPEX/Poseidon and ERS-1/2) for a period of 9 years, 1993-2001. The TG measures the SSH relative to the ground whereas the altimetry does so with respect to the geocentric reference frame; therefore their difference would be in principle a vertical ground motion of the TG sites, though there is different error sources for this estimate as is discussed in the paper. In this study we estimate such vertical ground motion, for each TG site, from the slope of the SSH time series of the (non-seasonal) difference between the TG record and the altimetry measurement at a point closest to the TG. Where possible, these estimates are further compared with those derived from nearby continuous Global Positioning System (GPS) data series. These results on vertical ground motion along the Mediterranean and Black Sea coast provide useful source data for studying, contrasting, and constraining tectonic models of the region. For example, in the eastern coast of the Adriatic Sea and in the western one of Greece, a general subsidence is observed which may be related to the Adriatic lithosphere subducting beneath the Eurasian plate along the Dinarides fault.
Introduction
Understanding the sea level variations is a complex interdisciplinary scientific challenge, for which a first step is to monitor the sea level change. For many decades, some of the most reliable and useful data series available are the sea level records taken at tide gauges (TG) at many places along the world's continental as well as island coasts. In the space age, to complement these observations and to acquire a more complete view of the open ocean, the technique of satellite altimetry was implemented and has seen great success ever since the Seasat mission in 1978. In this study we use altimetry data from a merged solution from European Remote Sensing 1-2 (ERS-1, 1991 (ERS-1, -1996 ERS-2, 1996 -Present) of European Space Agency (ESA), and the U.S. -French TOPEX/Poseidon (T/P, 1992 -2005) . T/P has achieved an unprecedented accuracy at 2-3 cm, and its follow-on mission Jason-I (2002 -Present) is seeking the 1 cm accuracy [LUTHCKE et al., 2003 ].
The altimetry measurement of the sea surface height (SSH) consists of (i) the precise satellite location in relation to a reference ellipsoid, and (ii) the height of satellite over the surface measured by means of laser or radar pulses sent from the satellite and bounced back from the target surface. The difference between the two thus gives the SSH relative to the reference ellipsoid at the given location and time. In this sense the altimetry measurement gives the absolute geocentric SSH in the terrestrial reference frame.
On the other hand, the TG measurement gives the SSH relative to the solid ground on which the TG is fixed. Hence any vertical ground motion, for whatever reasons, will masquerade as an apparent sea level variation: An apparent sea level rise would be added to the absolute sea level motion as the land sinks, and conversely. Therefore, in principle the difference between the two data types, altimetry and TG, is the absolute vertical ground motion [CAZENAVE et al., 1999; NEREM and MITCHUM, 2002] . Let TG(t) denote the time series of the TG record of SSH, and Alt(t) be that measured by altimetry at the closest available point to the TG site. Ideally, apart from measurement noise and the fact that the actual locales are not exactly the same (especially when coastal geometry influences are significant), Alt(t) and TG(t) should be found to fluctuate in unison, with the only difference being the actual vertical motion at the TG site. At places where this motion is known or negligible, these sites have been the basis for the in-situ calibration/validation for altimetric measurements [CHAMBERS et al., 1998; MITCHUM 1994 MITCHUM , 1998 MITCHUM , 2000 . In this paper we will form the difference time series Alt(t)-TG(t) and examine its long-term behaviour on at least decadal timescales, where the local/geographic differences become less important and the effect of measurement noise can also be greatly reduced. It is hoped that a decade long record of Alt(t)-TG(t) should be able to give unequivocal information about the long-term vertical ground motion in the absolute sense. We will not be concerned about timescales shorter than interannual and seasonal periods, for which Alt(t)-TG(t) signifies primarily the surface mass loading effects on the ground, both tidal and non-tidal.
We shall estimate the linear trend, or slope, of the Alt(t)-TG(t) record for each of the available TG locations along the northern coast of the Mediterranean Sea and the Black Sea. In this region, the postglacial rebound effect in the vertical ground motion is minimal according to geophysical models, around ±0.1/0.2 mm/year [PELTIER, 2001] , so our result reflects the vertical ground motion arising primarily from tectonics, except at the sites where local "noises" are evident, for example ground subsidence due to land settlement or groundwater extraction. This provides for regional tectonics studies source information that is independent of, and complementary to, other data types such as gravity and GPS. In fact, the series of vertical motion recorded at various continuous GPS stations will be compared with our results for further insight. Figure 1 shows the locations of all data used in this study as described below. The numbering of the TG sites, which is in the west-to-east order along the coast, corresponds to the numbering in Table 1 ; the same goes with the GPS stations with respect to Table 2. The altimetry grid points are indicated by the dots; those closest to each TG are indicated by the larger dots.
Data

Altimetry Data
The altimetry data used in this study are monthly Sea Level Anomalies (SLA) maps, on a 1º by 1º grid, solved from the ocean radar altimetry data from satellite missions of T/P [FU and CAZENAVE, 2001 ] and ERS-1/2 for a 9-year period of 01/1993 -12/2001 . Data are a combination of T/P+ERS, except for the period 01/1994 -03/1995 (ERS-1 geodetic phase). These gridded multimission data have been used, opposed to using the along track data from one single satellite, because of its higher accuracy and resolution.
SLA are given in units of mm, where a 7-year (01/1993 -01/1999) T/P data representing the static geoid is removed from the altimeter data. There are about 310 grid points in the Mediterranean and about 61 grid points in the Black Sea. Several corrections have been applied to the data: orbit error reduction of ERS via the precise orbit of T/P, geophysical (dry and wet troposphere, ionosphere and inverse barometer effect), sea state bias and tides (ocean and load tides, solid earth tide and pole tide). For further details see AVISO (1996; 1998) . Whether one should allow inverse barometer (IB) correction or not in this case is debatable as it was noted that IB is not prevalent for the Mediterranean Sea at relatively short periods (LE TRAON and GAUZELIN, 1997); we here use IB corrected data as we are interested in long-period variations.
The region we examine for the Mediterranean and Black seas is between 5ΕW and 42ΕE in longitude, 30ΕN and 48ΕN in latitude. We choose the altimetry measurement at the closest point to the tide gauge as stated.
Tide Gauge Data
In this study we use TG data available from the Permanent Service for Mean Sea Level (PSMSL) [SPENCER and WOODWORTH, 1993] . For the present study we choose, for 42 gauges along the northern coast of Mediterranean and 7 along the Black Sea coast, the so-called RLR (Revised Local Reference) series that provide precise information about the TG benchmark. Data are monthly time series that cover most of the 9-year altimeter period of this study. When needed, data gaps in the TG data series are linearly interpolated to facilitate data processing.
Barring some limited earlier TG activities in Egypt (pre-dating our study period), no data are available from the southern coast of Mediterranean. Neither are the many TG records from the Italian peninsula reported to PSMSL in recent years [TSIMPLIS and SPENCER, 1997] (but see [FENOGLIO-MARC et al., 2004] for analysis of the Italian records). Otherwise, the spatial distribution of the TG that we use (those with data after 1993 in PSMSL) is quite dense and homogeneous along the Mediterranean and Black Sea coasts, as shown in Figure 1 .
Analysis and Results
It is clear that all the data series above are dominated by very strong seasonal signals, primarily annual and semiannual. There are of course various meteorological as well as geophysical reasons why this is so, but whatever the reasons, they are outside of our present interest. It is thus desirable to remove the seasonal signals from our data series, as their presence would skew our later estimates in various ways and render our statistics intractable due to the strong departure from broad-band or "white" statistics.
We remove the seasonal signals (annual and semiannual) from the original time series by simple subtraction of estimates obtained by least-squared fitting of seasonal sinusoids with annual and semiannual periods. We then compare the altimetry observed SSH anomaly, Alt(t), at the closest grid point to a TG location with the given TG(t). The chosen altimetry point is just the closest one to the TG and it can be as far as degrees. The difference between them, which can be estimated from the altimetry point locations in Figure 1 and the TG ones in Table 1 , and the coastal geometry of each TG have not been taken into account on the computations and they are considered as a source of error. The corrections applied to the altimetry data are made over the orbit groundtrack of the satellites, some of them are highly dependent of measurements taken along-track by other instruments onboard the satellite, and most of them were developed to be applied in the open ocean. Some of those corrections present problems in the coast, and for that reason, they cannot be easily applied to TG measurements. The resolution of those problems and the implementation of the altimetry corrections in the TG data need further studies and are beyond the scope of this paper. Then, the different corrections applied to each data represent another source of error. indistinguishable from zero within 1 standard deviation (given in the last column). Figure 3 gives a map view of the same results as Table 1 , where the "up" triangles represent land uplift, the "down" triangles represent land subsidence, circle means indistinguishable from zero, all color-scaled. It is seen that, except for a few near-zero ones and those that are known to have large local influences, the uplift-subsidence has definite spatial grouping, signifying regional patterns that are most likely of tectonic origin. This will be discussed below.
Several error sources are considered in estimating vertical land movements from the Alt-TG time series.
For instance, we compare SSH at geographical points that are not exactly the same location but they are the closest grid point where the seasonal and shorter responses can be significantly different depending on the coastal geometry. Also, corrections for the solid-Earth and ocean tides, solid-Earth pole tides, and the equilibrium inverted barometer effects are all applied in the altimetry data, but not in the TG data. However, errors due to such differences are insignificant as far as the long-term trend is concerned and in any case small in magnitude. On the other hand, errors have been made also in the preparation and processing of data.
Some gaps in the TG data were interpolated over; that if not treated in an optimal way could somewhat skew the slope estimates. Further errors come from the secular drift of the T/P instruments (altimeter as well as radiometer for atmospheric correction) although such drifts have been corrected to the extent possible by the T/P Projects based on in-situ calibrations [RUF, 2000; KEIHM et al., 2000] . These error sources mainly impact our estimates of the vertical land movement that are close to zero, which we have indicated in our results.
For gaining more insight and for further validation we can compare our linear trend estimates for the vertical ground motion derived from Alt(t)-TG(t) with corresponding data from permanent, continuous GPS stations that are reasonably nearby in location to the TG stations. About 150 GPS stations from the EUREF Permanent Network (EPN), distributed over 32 European countries, acquire high quality GPS data in near real-time. In particular we use the cleaned GPS time series for 22 stations, close to the TG (Figure 1) Figure 3 , whereas the numerical values are given in Table 2 .
We also compared our linear trend estimates for the vertical ground motion with those obtained via several GPS campaigns from the SELF projects during the years 1993 -1998 as reported by BECKER et al.
[ 
Discussions and Conclusions
The absolute rates of vertical ground motion obtained in this work ( Figure 3 and Table 1 ) are in accordance with the general notion that the Mediterranean is a location of plate subduction boundary, and the seismicity is more active in the eastern Mediterranean and gets quieter towards the north. Here in order to establish the framework to draw farther conclusions, we need to delve deeper into the complexity of the Mediterranean tectonics. Prior to that, however, we should assess the impact of the glacial isostatic adjustment (GIA) on the vertical ground motion. Model of GIA by PELTIER [2001] puts the vertical ground motion at around ±0.1/0.2 mm/year in the Mediterranean and Black Sea region. That amounts to just a small fraction of the land uplift/subsidence rates reported here. Thus, the vertical ground motion due to GIA does add to or subtract from the otherwise tectonic ground motion detected in our results, but the magnitude of that "contamination" is relatively small and has generally little, if any, impact on the sign of our results.
Therefore we shall ignore the GIA influence in the discussion on tectonics below. ]. Some of the present plate boundaries, especially in the eastern Mediterranean, appear to be so diffuse and so anomalous that they cannot be categorized into the three classical types of plate boundaries -subduction, spreading, and transform. The global tectonic model NUVEL1 [DEMETS et al., 1990] and geodetic data establish that the Eurasian and African plates converge along NW-SE direction, both rotating anticlockwise [JIMENEZ-MUNT et al., 2003] .
Being one of the most seismically active and rapidly deforming continental regions in the world, the Aegean Sea area in the eastern Mediterranean should be taken in special consideration. In this area, including western Turkey and Greece, many destructive earthquakes have occurred throughout history. The
Crete island situates in the north side of the Hellenic Arc, which is the result of the ongoing collision between the African and Eurasian plates, causing Anatolian plate (Turkey) to move westward [McKENZIE, 1972; JIMENEZ-MUNT and SABADINI, 2002] . As a result, the African block is subducted northward, producing an uplift in Crete island [RAHL et al., 2004] , which is in agreement with our results found in Soudhas, but not in Iraklion.
A general and distinct land subsidence in the west coast of Greece and the east coasts of the Adriatic Sea, is reported in this study. This finding may be related to the Adriatic lithosphere subducting beneath the Eurasian plate along the Dinarides fault ( Figure 4 ). In particular, although Venice has seen geological evidences of subsidence (due to the rollback of the Apennines subduction, the contemporary effect of the load of the Alpine belt on its foreland and the river sediments, and the exploitation of subsurface water) [RUTIGLIANO et al., 2000] , neither this study or BECKER et al. [2002] show such a subsidence. Then, further studies are needed to clarify this discrepancy. Similarly, the uplift in the eastern coast of Greece may be explained as a consequence of the same but converse associated movements.
On the other hand, we find conflicting behaviour (in terms of uplift versus subsidence) in the TGs located on the eastern (Turkish) coast of the Aegean Sea. It is unclear whether or how much of it is due to data errors, local motions, or any interesting regional tectonics. This awaits further studies. Similarly, towards the west, noteworthy is the fact that our study reflects opposite behaviour in the case of Sete and Marsella, France. Given their geographical proximity and if the results are correct, it might indicate the existence of a tectonic fault separating the two sites, although the exact location might not be clearly identified.
Finally, the western Mediterranean basins are almost totally surrounded by mountain belts that for the most part remain tectonically and seismically active. The three sub-basins of different ages reflect different stages in the development of the western Mediterranean by back-arc spreading in response to subduction of the African lithosphere beneath southern Europe. Our finding that the general area in southern Spain is subsiding is in odds with this subducting African plate model because such subduction should predict an uplift for the region. This appears quite interesting, but we should note that in the case of Alicante our estimate is strongly contaminated by the settling of the harbour construct on which the TG is situated.
An individualized study for each TG should be done to identify additional or similar sources of error.
However, such a study is beyond the scope of this work.
In summary, in spite of several error sources in the Alt-TG series, with a sufficiently long time span up to 9 years we are able to obtain reliable estimates for the vertical ground motion at the TG sites along the northern Mediterranean and Black Sea coast. These results provide useful source data for studying, contrasting, and constraining tectonic models of the region. 
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